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Introduction

1
Obsessive Compulsive Disorder (OCD) is a chronic condition with a life time 2 prevalence of ~2.3% [1] , which the World Health Organization considers as one of 3 the 10 most disabling disorders [2] . Although the combination of cognitive behavioral 4 therapy (CBT) and serotonin reuptake inhibitors (SRIs) stands as a first line treatment 5 for OCD [3] , the clinical challenge still remains. This is due to the complexity and 6 heterogeneity of the disorder [4] , the high percentage of patients that are drug-7 resistant or that cannot tolerate the drug-related side effects [5, 6] , and the relative low 8 percentage of patients that receive CBT [7] .
9
One alternative treatment is non-invasive brain stimulation using transcranial 10 magnetic stimulation (TMS). TMS enables alteration of neural activity in specific 11 brain regions, molding plasticity at the network level [8] , and modulating cortical 12 excitability in both motor and non-motor areas [9] . Low-frequency (LF) TMS (~1 Hz)
13
is generally thought to produce inhibitory effects, whereas high-frequency (HF) TMS 14 (≥5 Hz) is generally thought to produce excitatory outcomes [10] . Several studies 15 have tried to harness TMS to treat OCD, and a recent meta-analysis concluded that 16 although active TMS was found to be clinically and statistically superior to sham 17 TMS, a consensus intervention protocol has yet to emerge [11] . Up until now, most 18 studies targeted the supplementary motor area (SMA) or components of the cortico- abnormalities [13, 14] and impaired function of the CSTC circuit as a whole [15] [16] [17] , 23 or of its different components [15, [18] [19] [20] [21] [22] . For example, the anterior cingulate cortex M A N U S C R I P T
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4
(ACC) and the medial prefrontal cortex (mPFC) were found to be hyperactive in OCD 1 patients while detecting cognitive conflicts [23] or making an error [24] .
2
Over-reaction to errors is a common feature to many individuals with OCD 3 [15, 25] . Patients often report a distressing sense of incompleteness and a drive to 4 perform an action until this sensation is reduced and things look, feel, or sound "just 5 right" [15, 25] . One example for such over-reaction can be evident in tasks that 6 include commission of a mistake, such as Flanker, 31]. In these tasks, OCD patients display an increased Error-Related Negativity 8 (ERN) electroencephalogram (EEG) signal following a mistake [16, 23, 26, 28, 34]. This ERN signal is attributed to ACC activity and is most evident within the theta 10 frequency band (4-8 Hz) recorded over the mPFC [35] . Notably, deep rTMS treatment 11 over the mPFC with a double-cone coil improved both OCD symptoms and post-error 12 slowing, which suggests a correlation between error monitoring impairment and OCD 14 Taken together, the ACC and mPFC may stand as favorable targets for 15 intervention in OCD. These brain regions can be stimulated directly using deep TMS 16 with the H7-coil (Figure S1 and [37] ). However, the most effective frequency of 17 stimulation cannot be predicted. On the one hand, the mPFC and ACC are hyperactive 18 in OCD and thus an inhibitory LF stimulation may be efficacious (e.g., [38] and lasting neuroplastic effects [41] . Hence, in the current study, in an attempt to
affect OCD symptoms, we tested either HF or LF stimulation over the mPFC and 1 ACC using the H7-coil. We also hypothesized that clinically-beneficial stimulation 2 will affect ACC activity, which will be evident as modified ERN response and 3 therefore providing a potential electrophysiological biomarker for the treatment effect. The experiment included baseline clinical and electrophysiological measurements in 10 41 OCD patients, a 5-weeks treatment phase, corresponding measurements, and a one 11 month follow-up phase. The study was performed at Chaim Sheba Medical Center,
12
Israel (2012) (2013) (2014) , and the protocol was approved by the local Institutional Review
13
Board and the Israeli Ministry of Health.
14
Participants
15
Forty one OCD participants who met stage III criteria (failure of two SRI trials plus 16 CBT, Table S1 ) [42] were recruited via newspapers and internet advertisements, and Medpace's ClinTrak, USA). All groups were treated five times per week for five 9 weeks (for a total of 25 sessions), and each treatment session began with an exposure 10 to personalized obsessive-compulsive cues.
11
The primary and secondary efficacy measures, YBOCS and CGI-I [47], were 12 performed at baseline (pre-treatment), prior to the second treatment session in weeks 13 2-4, prior to the last treatment session (post-treatment), and at 1-week and 1-month 14 follow-ups (1W and 1M FU) visits. Evaluations were performed by clinically trained 15 raters in a blinded manner, and the efficacy outcome in these measures was the 16 change from Pre-to Post-treatment. For YBOCS, the clinical response was defined as 17 a reduction of 30% [42] . This threshold was set in accordance with the literature, 18 taking into account the study population (stage III criteria [42] ). Nevertheless, results The effects of DTMS seem to be most pronounced when the targeted circuit is active. meeting. These provocations were designed to achieve a self-report score between 4 12 and 7 on a 1 to 10 visual analog scale (VAS), and were recorded on the case report 13 forms (CRFs). Following each treatment, participants were allowed to perform any 14 relevant ritual they desired.
16
Deep rTMS
17
DTMS offers a non-invasive tool to stimulate deep-located regions such as the ACC.
18
DTMS was administered using a Magstim Rapid 2 TMS stimulator (The Magstim Co.
19
Ltd., Whitland, Carmarthenshire, United Kingdom) equipped with an H7-coil
20
(specifically designed to stimulate the ACC, Supplementary material 1.1).
21
During each DTMS session, the optimal spot on the scalp for leg motor cortex 22 stimulation was localized, and the leg resting motor threshold (RMT) was defined.
23
The coil was then moved forward 4 cm anterior to the motor spot and aligned were told that physical sensations may be induced by both real and sham coils,
10
operators and raters were blind to the type of treatment, and raters were not allowed to Software Tools, Inc.) on a 17 inch computer screen, as previously described [54] .
21
Participants were instructed to press the key associated with the color of the word continuous EEG data were filtered using 1 -100 Hz band-pass and 50 Hz notch, and 7
were segmented into trials that were time-locked to the participants` response. The 8 segmented data were baseline corrected, and noisy segments or channels were 9 removed. Data were then gathered according to conditions (congruent/incongruent),
10
divided by response type (correct/mistake) and filtered to the theta band (4-8 Hz).
11
Since most of the mistakes (93%) were made within the incongruent trials, analysis 12 was carried out solely for this condition. The amplitudes following responses (0-120 13 ms, see supplementary material 1.6) were computed using an adaptive mean measure.
14 In addition, we used a wavelet transform analysis to convert the data from a time to a 15 frequency domain. Thus, the mean theta power from the Cz electrode, ranging 16 between 0 and 120 ms post response, was converted to decibels (dB) [27] , and the 17 power spectral perturbation was expressed as a change from baseline (in dB). All
18
EEG analysis was performed using MATLAB's EEGLAB toolbox.
20
Statistical Analysis
21
Data analysis was performed using STATISTICA software, version 12 (StatSoft,
22
Tulsa, OK). further analyzed using Tukey post-hoc. All data are presented as mean±SEM.
Results
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11
The three groups did not differ in their baseline characteristics of gender, age, IQ, 1 concomitant medication, depression, or OCD severity ( Figure S2 ). Most of the participants did not guess which group (active \ sham) they 9 were assigned to (75%, 88% and 86% chose option #1 ("I don't Know") from the LF, completed all stages of the study and were included in the final analysis.
17
Clinical results
18
The primary analysis for the efficacy of the treatment was the percent change in We excluded from the analysis patients who had more than 90% mistakes (2 from the 8 HF group and 3 from the sham group), and patients who had no mistakes at all (1 9 from HF group and 2 from the sham group). Thus, the final ERN analysis included 13 10 participants from the HF group and 9 participants from the sham group, with no 11 differences in behavioral mistake percentage at baseline (13±3.4% and 8±2.3%, 12 respectively), or following treatment (14±2% and 12±2.5%, respectively).
13
The ERN response expressed in the theta band (0-120 ms post response) was 14 similar in both groups at baseline, but there was a shift towards increased ERN in the
15
HF group, and decreased ERN in the sham group following treatment (Fig 2) . Finally, a secondary analysis revealed gender differences in response to treatment, such that 11 men were significantly more prone to respond than women (Supplementary material 2.2).
13
Discussion
14
The present study is the first to explore the safety, tolerability, and efficacy of response.
22
In this study, both HF and LF DTMS using the H7 coil turned out to be safe contribute to the effect of stimulation is the state of the relevant neuronal circuit.
21
Specifically, this provocation-DTMS procedure that was applied here may interfere 22 with the dysfunctional information flow in the frontal-basal ganglia circuit, which is 23 mediated by the ACC and was suggested to be a core pathology of OCD [75] . the mPFC and the ACC, which is considered to be the generator and the locus of the were found in participants that improved after CBT treatment. Saxena and colleges
20
[78] suggested that enhancement of dACC activity may be a primary mechanism of 21 action of CBT for OCD, and it is therefore possible that administration of the We note several limitations of the current study. First, the study was considered as a 2 pilot study and the sample size is relatively small. As such, further studies should be 3 conducted in order to establish this intervention for the treatment of OCD. Second, the 4 effect of provocation was not controlled, and relevant brain activity was not recorded 5 during the provocation. Furthermore, the extent to which the ACC and the mPFC 6 were adequately stimulated needs to be further investigated. Consequently, the above 7 discussion in this matter should be regarded as speculative. Finally, the total number 8 of pulses (over the 5 weeks of treatment) that was administered, was different 9 between the LF group (22,500 pulses) and the HF group (50,000 pulses), which may 10 stand as an alternative explanation for the superior efficacy of the HF treatment. additional maintenance phase, as done for the treatment of major depression [53] .
19
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